. Total cations are increased be cause there is a gain in sodium that exceeds the loss of potassium. This exchange occurs despite the presence of an intact blood-brain barrier (BBB). The brain capillary endothelial cells contain specific transporters oriented in a manner that suggests that they actively transport sodium and potassium be tween blood and brain (Betz, 1986) . These transport systems may mediate the ionic exchanges seen in ischemia.
Recently, we suggested that BBB sodium trans port is the limiting step in edema formation during the early stages of ischemia (Betz et aI., 1989) . Ad ditional studies in the cat after occlusion of the mid dle cerebral artery (Shigeno et aI., 1989) and in the gerbil after bilateral carotid occlusion and reperfu sion (Ennis et aI., 1990) indicate that blood to brain Na transport is stimulated in ischemic tissue. Asano et al. (1987) proposed that lipid peroxides may cause such an increase. Alternately, the elevation of interstitial fluid potassium concentration ([Khs F ) seen during ischemia could stimulate BBB sodium transport since the Na,K-ATPase of isolated brain capillaries is activated by increases in extracellular potassium concentration above the normal brain level of 3 mM (Goldstein, 1979; Lin, 1985; .
The present study was designed to determine if BBB Na transport is increased in ischemic brain tissue where [KhsF is elevated. In order to focus our permeability studies on regions with elevated [KhsF' we first determined the regional cortical pat tern of cerebral blood flow (CBF) and [KhsF after 2-3 h of middle cerebral artery occlusion (MCAO) in the rat, and then used [KhsF measurements to select rats for the transport studies. We used a se lection criterion of [KhsF greater than 10 mM be cause our previous study of potassium activation of the Na,K pump predicts an increase in sodium transport of 60% at this [KhsF' a change that should be measurable in vivo. The rate of BBB sodium transport in ischemic and nonischemic brain was determined by measurement of the unidirectional blood to brain permeability-surface area product (PS product) for 22 Na. To account for changes in passive permeability or differences in surface area for transport, we simultaneously measured the PS product for eH]u-aminoisobutyric acid (eH]AIB), a compound that is not transported into the brain. We used the PS product ratio, sodium/AIB, as an indicator of changes in specific sodium permeabil ity. A preliminary report of a portion of this study was presented previously .
METHODS

Animal preparation
Male Sprague-Dawley rats (Charles River) were anes thetized with 50 mg/kg of ketamine and 10 mg/kg of Rompun i.m. The rats were placed in a modified stereo taxic holder (Kopt) and their body temperature was main tained at 37-38°C using a rectal thermometer, a DC powered heat source, and a temperature controller. The right MCA was occluded using the technique originally described by Tamura et aL (198l) and modified by Bed erson et aL (1986) . Briefly, the MCA was approached through a temporal incision, with the zygoma divided to increase exposure. The bone overlying the portion of the vessel that was to be occluded was removed using a den tal drill. After opening the dura and gently removing the arachnoid membrane, the vessel was occluded with a bi polar coagulator from a level proximal to the lenticulo striate branches to the rhinal fissure (Fig. l) . The skin incision was closed and cannulas were placed in both femoral arteries and the right femoral vein for blood sam- piing, blood pressure monitoring, and injection of iso tope, respectively. A tracheal tube consisting of 2.5 cm of PE205 was placed for administration of hydrogen gas and supplemental oxygen to rats in the CBF/[KhsF study.
Interstitial fluid potassium concentration
Brain [KhsF was measured with ion-selective micro electrodes fabricated using a modification of a technique described previously (Young et aI., 1982; Nicholson and Rice, 1988) . The ion-selective electrode was pulled from 1.5 mm glass (WPI) and the tip silanized by repeatedly drawing up and expelling a 4% solution of trim ethy1chlorosilane in carbon tetrachloride. The tip was then filled with a valinomycin-based K exchange resin (Fluka) and the electrode backfilled with 100 mM KCL A Ag/ AgCI wire was placed in the backfill solution and sealed in place with dental wax. The reference electrode was pulled from 1.5 mm glass and backfilled with 1 M NaCL Both electrodes were held in a multi barrel electrode holder (HMT-3, Narishige) with their tips positioned less than 100 /-lm apart, connected to the head stages of a dual-channel differential amplifier (Axoprobe-1a, Axon Instruments), and referenced to an indifferent electrode (Microelectrode Inc.). The electrodes were calibrated be fore and after each experiment in a series of solutions with potassium chloride varying from 1-100 mM balanced by sodium chloride to maintain the total ion concentration constant. The electrode pair was lowered 1 mm into the cortex with a micromanipulator and the indifferent elec trode placed in a back muscle.
Cerebral blood flow
CBF was measured using the hydrogen clearance tech nique. Platinum/iridium electrodes (180 /-lm diameter, Medwire Corp.) insulated with Teflon except for 0.5 mm at the tip were glued to the K-reference electrode, low ered 1 mm into the cortex, and polarized + 450 m V rela tive to a reference electrode (Microelectrode Inc.) in the neck muscle. Hydrogen gas was administered via the tra cheal tube and the brain concentrations monitored with a polarographic amplifier connected to a strip chart re corder. The CBF was determined from the initial slope of the washout curve (Pasztor et aI., 1973) .
Permeability-surface area products
Permeability-surface area (PS) products were deter mined for e HlAIB and 22 Na using a modification of the method described by Ohno et al. (1978) . After an i.v. bolus injection, the amount of tracer that moved into the extravascular compartment of the brain (Cev) was divided by the integral of the plasma concentration of the tracer determined between the time of injection and the killing of the rat (Cev/fCpdt). Cev was determined by subtracting the amount of tracer in the plasma compartment (PV x Ct) from the total radioactivity in the brain (Cb), where PV is the plasma volume estimated in a separate group of rats using a 3 min inulin space and Ct is the terminal plasma concentration of the tracer. The integral of the plasma concentration was obtained from a continuous withdrawal of arterial blood (0.1 mllmin) during the course of isotope circulation, and calculated by dividing the total counts withdrawn by the withdrawal rate.
The bolus injection consisted of 15 ,..., Ci of 22 Na plus 45 ,..., Ci of [ 3 H]AIB (New England Nuclear) in 0.1 ml of sa line. Simultaneously, a peristaltic pump (Gilson, Minipuls 2) was started and blood withdrawn from an arterial can nula (7 cm of PE50 connected to 70 cm of PE240) filled with saline. After 10 min, a terminal blood sample was obtained and the rat killed by decapitation. The entire contents of the arterial cannula were emptied and a por tion pipeted for counting. Blood samples were digested in Protosol (New England Nuclear), bleached with H 2 0 2 , and counted in a toluene-based liquid scintillation cock tail. Bilateral cortical tissue samples were obtained using a 7 mm cork borer, cleaned of surface blood vessels, and weighed. Brain tissue was also digested in Protosol and counted in a Beckman 3801 two-channel liquid scintilla tion counter.
Statistics
Values are expressed as means ± SD. Since variances differed between the nonischemic and ischemic hemi spheres, we used the nonparametric, Wilcoxon signed rank test for paired data for our analysis. A two-tailed test was used to assess significance except in the comparisons of PS Na and the PS NaJPS AlB ratio, where one-tailed tests were used because our hypothesis stated that these parameters are elevated in the ischemic cortex relative to nonischemic cortex. Parametric analysis using the paired t test gave similar results.
RESULTS
Regional CBP and [K hSF
To determine a site where cortical tissue with el evated [K hsF could be consistently sampled for PS product studies, we occluded the right MCA in 14 rats and measured CBP and [K hsF in five regions ipsilateral and one region contralateral to the oc cluded artery (Fig. 1) . These measures were carried out at three sites in each rat between 2-3 h after the MCAO. Three rats received sham occlusions. Phys iological parameters in these rats, determined just before killing, are listed in Table 1 . The p0 2 of the rats in this study is elevated because supplemental O 2 was administered to avoid anoxia during hydro gen administration for the CBF measurements. The Data presented as mean ± SD.
PS product study 7 87.9 ± 15.5 37.7 ± 0.5 7.37 ± 0.04 38 ± 6 79 ± 7 41 ± 4
relationship between CBP and [K hsF in regions 1-5 is shown in Fig. 2 . The contralateral region 6 had CBF and [K h s F values of 51.7 ± 12.9 ml 100 g-I min -I and 2.6 ± 0.7 mM (n = 5), which were sim ilar to values (56.9 ± 13.4 ml 100 g-I min-I and 3.2 ± 0.3 mM) averaged across regions in three rats following sham occlusion. In most cases, when CBP was <20 ml 100 g-I min -I, [K hsF was ele vated to levels > 10 mM. In addition, when CBF was between 20-50 ml 100 g-l min-I, the [K hsF was increased in 8 of 15 cases to levels greater than three standard deviation from the mean [KhsF of sham-occluded rats. These data, grouped by region and averaged, are presented in Table 2 . Region 2, the closest site distal to the rhinal fissure, had [K hsF of > 10 mM in eight of eight rats, whereas regions 3 and 4 were more variable (six of eight and five of eight greater than 10 mM, respectively). The design of our experiment required that we sample tissue with [K hsF > 10 mM in our PS product stud ies; however, limiting our sample to tissue proximal to region 2 did not provide enough tissue for accu rate measurements. We therefore selected region 3 as the outer margin of our sample (see Pig. 1) and [Kl,sF is plotted on a log scale in order to illustrate better the elevated [Kl,sF at CBF between 20-50 ml 100 g-1 min-1. in a separate group of rats at a site, equivalent to region 3 but contralateral to the MCAO. The phys iological parameters measured just before isotope injection are listed in Table 1 . Plasma volumes de termined in a separate group of rats for ischemic and nonischemic cortical samples were 6.5 ± 3.5 and 5.5 ± 0.8 !-LI/g (n = 4), respectively. PS products for eH]AlB and 22 Na determined 2.5 h after MCAO are shown in Fig. 3A . The AlB PS products in the ischemic and nonischemic cortices were 2.2 ± 0.7 and 2.1 ± 0.4 !-LI/g/min, respectively, and were not different (p > 0.1). Since AlB enters the brain by simple diffusion, this indicates that the BBB has not been disrupted at 2.5 h following MCAO. However, the PS product for sodium was increased in the ischemic hemisphere compared to 22.4 ± 14.5 14.3 ± 14.7 11.9 ± 10.9 15.8 ± 6.0
13.3 ± 10.5 21.4 ± 16.2 21.2 ± 9.0 9.9 ± 3.3 the nonischemic cortex (2.4 ± 1.1 and 1.5 ± 0.2 !-LlIg/min, respectively, p < 0.05). This selective in crease in the sodium PS product is better illustrated by the highly significant (p < 0.01) increase in the sodium/AlB ratio (Fig. 3B ). Since the surface area for transport of sodium and AlB across the BBB are likely to be equal, this ratio represents the relative permeability of the compounds. Thus, the perme ability of the BBB to sodium is selectively increased in ischemic tissue, where [KhsF is increased above lO mM.
DISCUSSION
The net accumulation of cations in the brain is the primary driving force for the formation of brain edema at early times during partial cerebral isch emia. Several studies have demonstrated that the gain in sodium exceeds the loss in potassium and that this extra sodium can quantitatively account for the observed water influx, assuming an isotonic fluid movement (Kato et aI., 1987; Young et aI., 1987; Betz et aI., 1989) . Furthermore, in gerbils, we compared the rate of increase in the brain sodium content during 1-3 h of cerebral ischemia to the rate of sodium influx calculated from the unidirectional isotopic PS products, and found them to be equal (Betz et aI., 1989) . This suggests that transport of sodium across the BBB is the limiting step for so dium accumulation and therefore for edema forma tion early in ischemia.
Movement of sodium and potassium across the BBB appears to be mediated by specific carrier sys tems located in the endothelial cell membranes (Betz, 1986) . Although no direct proof of this idea exists, both furosemide-and amiloride-sensitive blood to brain sodium transport have been demon strated (Betz, 1983; Murphy and Johanson, 1989) . Amiloride blocks BBB transport of sodium and po tassium (Betz, 1983) , an unusual property shared by the cation channel of the kidney collecting duct (Light et aI., 1988) . These transporters are likely located in the luminal membrane of the endothelial cell (Betz, 1983) . In contrast, Na,K-ATPase of the brain capillary is located primarily in the abluminal membrane (Betz et aI., 1980; Vorbrodt et aI., 1982) . These observations of a polar distribution of the sodium pump and transporters suggest that the cap illary endothelium, like a typical epithelium, is ca pable of active directional transport of ions and wa ter (Betz, 1986; Crone, 1986) . Bradbury and Stulcova (1970) studied the clear ance of potassium from the brain to the blood dur ing ventriculocisternal perfusion and found that 4 2 K removal was dependent on [K]CSF and was inhib ited when ouabain was added to the perfusate. They suggested that potassium was actively transported across the brain capillaries and that this transport was stimulated by increasing [KhsF from 3-15 mM.
Studies of the activation of the Na,K-ATPase by extracellular potassium ([K]o) in isolated microves sels have demonstrated that the pump rate is half maximal at a [K]o of 3-4 mM and near full activity at a [K]o of 15 mM (Goldstein, 1979; Lin, 1985; Schielke et aI., 1990) . This contrasts with the neu ronal pumps, which are fully active at 3 mM (Schielke et aI., 1990) . Taken together, these stud ies suggest that changes in [KhsF may affect carrier mediated ion transport across the BBB. Although there is a loss of total potassium from the brain during partial ischemia, [KhsF is dramatically in creased when CBF is less than 10-20 ml 100 g-I min -I (Table 2 and Fig. 2) . Thus, if this model of brain capillary carrier-mediated ion transport is correct, the capillary sodium pumps should be op erating near maximal velocity when [KhsF is greater than 10 mM, provided there is sufficient en ergy available to sustain pump activity.
To study BBB transport in ischemia, it is neces sary to take into account passive changes, such as opening of the BBB or changes in surface area due to capillary plugging. We used eH]AIB as our pas sive permeability tracer because it is a nonmetabo lizable amino acid that is not transported from blood to brain (Blasberg et aI., 1983) , and it has a PS product similar to that of sodium. In the present study, we found that the PS products for AlB were similar in our core samples from the ischemic and nonischemic hemispheres at 2.5 h after MCAO, suggesting that the BBB is intact. It is possible that offsetting changes in surface area and permeability in the ischemic tissue have occurred; however, sur face area differences should be identical for all trac ers studied. In these same rats, the PS product for 2 2 Na was increased in the ischemic cortex. Thus, we found a 51 % increase in the ratio of PS sodium! PS AlB in tissue with [KhsF > 10 mM, 2.5 h after MCAO, which we interpret as a specific increase in the BBB permeability to sodium. This increase was J Cereb Blood Flow Metab. Vol. 11. No. 3. 1991 approximately 60% of the value predicted from the potassium activation observed in isolated capillar ies. Counteracting inhibitory influences, such as di rect inhibition of transport by free radicals (Lo and Betz, 1986) or insufficient substrates, could account for this difference.
The observation that sodium permeability is in creased in ischemic tissue with an elevated [KhsF is consistent with the idea that potassium stimulates sodium transport. However, other possible mecha nisms such as stimulation by lipid peroxides (Koide et aI., 1986; Shigeno et aI., 1989) , neurohumoral agents, or changes in pericapillary calcium or hy drogen ion concentration have not been excluded.
The effect of the negative shift in electrical potential across the BBB (Hansen and Zeuthen, 1986) should also be considered since the relative proportions of Na uptake due to passive diffusion and active mech anisms are not known. Further studies with other electrolytes such as rubidium or chloride would be helpful in determining the degree of selectivity of the increase in sodium permeability found in this study. It should also be emphasized that an increased permeability to sodium is not a necessary condition for edema formation, although it may increase the rate at which it develops. Rather, we propose that edema occurs when the sodium and water entering the brain remains in the tissue because normal ef flux is retarded and because the sodium space is increased. As the cells become more permeable to cations and swell, efflux is reduced because the dis tribution volume for sodium is enlarged and bulk flow of ISF through the shrunken extracellular space is blocked.
A relationship between CBF and [KhsF was de fined as we mapped regional [KhsF 2-3 h after MCAO. Large increases in [KhsF (> 10 mM) were not observed until CBF was reduced to about 20 ml 100 g -1 min -I. This compares to CBF threshold values of 10 and 15 ml 100 g -1 min -1 in the baboon and cat (Branston et aI., 1977; Strong et aI., 1983) . In addition, in many of the recording sites with CBF between 20-45 ml 100 g -1 min -I, [KhsF was mildly elevated. Small increases in [KhsF at flows above 15 ml 100 g-I min -I were also observed in the mar ginal gyrus of cats following MCAO (Strong et aI., 1983) . Given the normally tight control of [KhsF ' these small increases suggest that potassium ho meostasis is altered at these intermediate flows. Branston et al. (1982) have previously demon strated that the rate of potassium clearance from brain ISF is reduced when CBF is between 20-50 ml 100 g-I min -I following MCAO in baboons. Epi sodes of spreading depression have been described in cortex at early times « 1 h) after MCAO in the rat (Hansen and Nedergaard, 1988) . Although we did not observe this at 2-3 h, the elevated [KhsF at moderate CBF may represent insufficient clearance of potassium from earlier waves of spreading de pression.
In conclusion, this study of partial ischemia dem onstrates that BBB sodium permeability is selec tively increased in regions where [KhsF is severely elevated. This occurs early, during a period when there are significant increases in brain water, but before the BBB is open to AIB and macromole cules. We believe that stimulation of the capillary endothelial Na,K-ATPase by the increased [KhsF is a likely mechanism. This observation is consis tent with our model of active ion transport across the BBB and points to the need for more study of the regulation of these transport systems and their importance in ischemic edema.
